On the nature of the 5f states in 5-plutonium 
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We present a theoretical model of the electronic structure of S-Pu that is consistent with many 
of the electronic structure related properties of this complex metal. In particular we show that 
the theory is capable of reproducing the valence band photoelectron spectrum of 5-Pvl. We report 
new experimental photoelectron spectra at several photon energies and present evidence that the 
electronic structure of S-Pu is unique among the elements, involving a 5f shell with four 5f electrons 
in a localized multiplet, hybridizing with valence states, and approximately one 5f electron forming 
a completely delocalized band state. 



The phase diagram of plutonium (Pu) is extremely 
complex lj. In fact, it has the most complex phase dia- 
gram of all metals, both with regard to the crystal struc- 
tures and the number of different phases. Of the different 
allotropes of Pu, it is evident that the <5-phase is the most 
controversial and anomalous one, and consequently most 
of the recent experimental and theoretical work has fo- 
cussed on this allotrope. From an experimental point of 
view, the reactivity and radioactivity of Pu, and the com- 
plexity of the phase diagram, make it exceedingly com- 
plicated to collect high-quality data. In this report, we 
present new and conclusive experimental valence photoc- 
mission spectra taken under highly controlled conditions 
for S-Pu. The difficulty from a theoretical point of view 
is to describe, within a unified model, the anomalously 
large volume of <5-Pu, its energetic proximity to the a- 
phase, the absence of magnetic order, and the structure 
of the photoemission spectrum. So far, none of the pro- 
posed theoretical models have been able to do this. 

We present in this paper new, high-quality experimen- 
tal photoemission data for this material and describe a 
theoretical model that is consistent with this data as well 
as the experimentally observed volume, energy, and lack 
of magnetic order in (5-Pu. Our theory is based on a 
partitioning of the electron density into localized and de- 
localized parts, minimizing the total energy (including a 
correlation energy associated with localization) with re- 
spect to the partitioning. The minimum energy of S-Pu 



is found at a lattice constant close to the experimental 
volume, with four 5f electrons localized in an atomic sin- 
glet, leaving one itinerant 5f electron contributing to the 
chemical bond. 

The structural properties of the low-temperature a- 
phase, which crystallizes in a monoclinic structure, are 
in stark contrast to that of the high-temperature, cubic 
(fee) (5-phase, stable between 319° and 451°C. The vol- 
ume of this phase is ~25% greater than the cv-volumc, 
and the a — > 8 phase transition is hence accompanied 
by an unusually large volume expansion. However, the 
addition of only a few percent of, say, gallium (or several 
other trivalent metals) stabilizes the (5-phase at low tem- 
peratures, which implies that the total energies of the 8- 
and a-phases must be nearly equal. In addition to the 
very different densities and structural properties, the a- 
and 5-phases have very different thermal expansion coef- 
ficients and mechanical properties Q. 

The vastly different structural and mechanical be- 
haviour of the 8- and a-phases suggest that their elec- 
tronic structures must be qualitatively different, and 
there have been several theoretical efforts trying to ex- 
plain these differences. Several theoretical papers re- 
port on first principles calculations using the local den- 
sity approximation (LDA)0, 0, |(|, LDA with orbital 
polarizationQ, the LDA+J7 approach|lHII3, LBA+U 
combined with dynamical mean field theory (DMFT) HH , 
self interaction correction^^, the spin generalized gra- 
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dient approximation (GGA) 13] and the mixed level 
model (MLMl[14|. Many of the theoretical models are 
in disagreement with each other, in terms of how one 
should understand the electronic structure of the differ- 
ent phases and in the way they predict physical proper- 
ties of the phases of Pu. For example, the approaches 
using orbital polarization, spin polarization, or LDA+J7 
E3 EJ El predict a magnetically ordered ground 
state of (5-Pu, albeit with spin and orbital moments that 
almost cancel. This is in contradiction to the observed 
temperature independent magnetic susceptibility of the 
(5-phase 3] . There is in fact no evidence of magnetic mo- 
ments in the 5-phase, either ordered or disordered. Fur- 
ther, the works of Refs. 0, Q andll^l indicate that in the 
a-phase, the 5f electrons are delocalized and band-like. 
According to this picture, the 5f electrons are responsi- 
ble for the low-symmetry monoclinic structure of a-Pu, 
which is correctly predicted from GGA calculations 0, 
whereas in the (5-phase they are more localized. This 
band picture of a-Pu is very different from the one 
put forth in Ref. ^3 where, from calculations using an 
LDA+C/+DMFT approach, it is argued that correlation 
effects are very important not only in the (5-phase but also 
in the a-phase. Unfortunately, structural effects were not 
addressed in the latter study, and with this model one has 
not been able to assess how the effect of correlations in- 
fluence the theoretical description of the structural prop- 
erties of Pu. 

In order to resolve the controversies regarding the the- 
oretical models of the electronic structure of the (5-phase 
it becomes very important to test their ability to repro- 
duce all types of experimental data. In this report we 
present a theory that, unlike previous theories, is found 
to be consistent with the cohesive, structural, magnetic, 
and electronic properties of <5-Pu. 

The basis of our model is a partitioning of the electron 
density into localized and delocalized parts, minimizing 
the total energy (including a correlation energy associ- 
ated with localization) with respect to the partitioning. 
The total energy for Pu becomes minimized for an atomic 
5f 4 configuration[l4j with roughly one 5f-electron in a 
delocalized Bloch state. The four localized 5f electrons 
couple into a singlet, a true many-body effect that can 
never be accounted for within a single-particle picture. 
As will be discussed below a model based entirely on 
localized electrons is too simple, and it can not repro- 
duce the observed photo emission spectrum of (5-Pu. We 
will show that the hybridization between the conduction 
band states and the localized f-states is the key interac- 
tion needed to procude an accurate theoretical spectrum. 
This hybridization induces broadening of the 5f 4 multi- 
plet, with a spectral function, over the valence binding 
energies e, with the following shape: 



where N is the 5f occupation number, V the hybridiza- 
tion matrix element and ef is the energy of the localized 
5f singlet. The hybridization matrix element is calculated 
from the width of the 5f-resonance which is proportional 
to the 5f electron wavefunction at the muffin-tin sphere. 
In a symmetric Hubbard model, E-p — ef would equal U /2, 
where U is the intra-atomic f-electron Coulomb interac- 
tion, usually assumed to be 4 eV for Pu. Here, E-p — ef 
is chosen to be 1.2 eV, a smaller value than the symmet- 
ric Hubbard model would suggest. However, our value 
is entirely consistent with the fact that spin- and orbital 
couplings within the 5f shell are important in this sys- 
tem, since in the experimental photoemission spectrum, 
these couplings will influence the positions of the lower 
and upper Hubbard bands. 

In addition to a broadening of the 5f-level, the hy- 
bridization matrix elements cause a reduction in the spec- 
tral weight corresponding to 
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Hence the hybridization results in a broadening and a 
shift of the spectral weight. 

Combined with the calculated relativistic cross sec- 
tions of the photoemission process a Fermi- liquid 
like Lorentzian broadening for the photohole that scales 
quadratically with the binding energy, a Gaussian broad- 
ening of 60 meV for the instrument resolution, a Shirely 
background to remove the scattered electron background 
and a 15 K Fermi function, we obtain a theoretical pho- 
toemission spectrum that is compared to our experimen- 
tal data[lS| for the (5-phase |20j in Fig.l. Several experi- 
mental valence photoemission spectra for (5-Pu have been 
published previously [21II2I El I2I . We note that the 
general features of our experimental spectrum are very 
similar to the thin film Pu data reported in Ref. |^ but 
it is different from the spectrum of Ref. H3, probably due 
to oxidation of that sample and the temperature used in 
that study. 

Our calculated spectrum shows a very close similarity 
to the experimental one. It reproduces the peak close 
to E-p, the broader feature between 0.5 and 2 eV binding 
energy and the valley between the two features. The peak 
at Ef is the result of hybridized 5f-6d electron states that 
form naturally in our theory. We note that the dip in the 
theoretical spectrum at 0.5 eV binding energy is more 
pronounced than what is observed in the experiment, but 
this may be a result of the details of the scattered electron 
background removal function. The calculated peak at Ep 
is also slightly shifted (50 meV) to higher binding energy 
compared to the experiment. This discrepancy is within 
the calculational error of our method. 

The fact that the peak at Ep consists of hybridized 5f 
and valence band states is consistent with our experimen- 
tal data when we vary the photon energy (see the inset 
in the figure). By increasing the photon energy the cross 
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produce this spectrum with the same accuracy. A key 
element of our model is to recognize the importance of 
the many-body spin- and orbital couplings within the 
5f 4 singlet. Of these, the spin pairing energy is the most 
important (Hund's first rule). Allowing for spin polar- 
ization in an electronic structure calculation, as done in 
Refs.H^and Etj does incorporate some of these interac- 
tions and the calculated photo emission spectrum based 
on this theory reproduces some of the experimental fea- 
tures of S-Pu, although not with as good accuracy as that 
given by the present theory. 
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FIG. 1: Experimental and theoretical photoemission spec- 
trum for 5-Pu. The experimental spectrum is given as dots 
connected with lines (blue), whereas the theoretical spectra 
is given as a solid line. The inset shows how the experimental 
spectrum varies with photon energy. 



section of the 5f states is increased and the cross section 
of the 6d states is lowered. Hence any feature in the 
experimental spectrum that contains 6d character would 
reduce its intensity over the 5f component and in the ex- 
perimental data this does indeed occur for the peak at 
the Fermi level. [2(| An analysis based purely on localized 
electron states would fail in describing this behavior. 

In order to assess the quality of our theory, it is im- 
portant to compare its ability to reproduce the exper- 
imental spectrum to other theoretical models. A non- 
spin polarised energy band calculation reproduces the 
experimental peak at Ep, but fails in describing the ob- 
served features at binding energies higher than 0.5 eV. A 
spin polarized calculation, either in a ferromagnetic, anti- 
ferromagnetic configuration[13j . or disordered local mo- 
ment configuration 26J improves the agreement with the 
experimnetal photo electron spectrum, but the areement 
is not as good as that given by the theory proposed here. 
The calcualtion based on the LDA+U approximation |To) 
results in a dominating broad peak centered at 1.5 eV 
binding energy, which is in disagreement with experi- 
ment. Finally, the calculated spectrum based on DMFT 
has a ~ 1 eV broad peak at Ep with very small spec- 
tral features at higher binding energies resulting in a 
rather poor agreement with experiment. 

To summarise, we have presented a novel theoretical 
model of the electronic structure and the photoemission 
spectrum of 5-Pu. The observed features of the ex- 
perimental spectrum are well reproduced by our theory, 
whereas all previous calculations [ToL fill do not re- 
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